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Engagement of GPI-Linked CD48 Contributes
to TCR Signals and Cytoskeletal Reorganization:
A Role for Lipid Rafts in T Cell Activation
lipid rafts, GPI-linked proteins are coprecipitated with
Fyn and Lck in T cell detergent lysates, despite the fact
that GPI-linked proteins only intercalate the outer leaflet
of the plasma membrane and Fyn and Lck only associate
with the inner leaflet (Stefanova et al., 1991).
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T cell receptor (TCR) recognition of antigenic peptideLos Angeles, California 90095-1570
bound to major histocompatibility complex (MHC) mole-
cules is critical for T cell activation. However, the partici-
pation of other T cell surface costimulatory, accessory,Summary
or coreceptor molecules is required to facilitate TCR:
peptide-MHC interactions and TCR signal transductionGPI-linked proteins coassociate with intracellular ty-
events (Shaw and Dustin, 1997). The TCR initiates sig-rosine kinases in ªlipid raftsº proposed to function
nal transduction through the Lck- and Fyn-dependentas platforms for signal transduction and cytoskeletal
tyrosine phosphorylation of immunoreceptor tyrosine-reorganization. TCR activation requires both tyrosine
based activation motifs (ITAMs) within the cytoplasmickinase signals and cytoskeletal reorganization. How
tails of TCR-associated CD3 and z and the associationreceptor engagement initiates cytoskeletal changes
and activation of ZAP70 and/or Syk protein tyrosineremains poorly understood. We investigated the con-
kinases (PTKs) (Alberola-Ila et al., 1997). Efficient ITAMsequences of recruiting GPI-linked CD48 and associ-
phosphorylation and ZAP70 activation is often depen-ated rafts to the site of T cell:APC contact by stimulat-
dent on the coreceptor/accessory molecule recruitmenting T cells with APCs that express the CD48 ligand
of Lck and/or Fyn PTKs (Alberola-Ila et al., 1997). OnceCD2. We demonstrate that CD2:CD48 interactions en-
activated, Fyn, Lck, Syk, and ZAP70 cooperate in thehance TCR-mediated functions. CD48/TCR coengage-
tyrosine phosphorylation, activation, and juxtapositionment qualitatively and quantitatively enhances lipid
of downstream signal transducers that contribute to theraft-dependent z association with the actin cytoskele-
initiation of MAP kinase cascades, PI 3-kinase activa-ton and z tyrosine phosphorylation. This implicates
tion, and Ca21 flux (Alberola-Ila et al., 1997). Recent datalipid rafts as sites where receptor-induced signals and
indicate that lipid rafts may be crucial for effecting TCRcytoskeletal reorganization are integrated and reveals
signal transduction. Indeed, TCR engagement leads to
a novel component of accessory molecule function.
the concentration of tyrosine phosphorylated z and
downstream signaling molecules within lipid rafts, and
Introduction perturbation of the structural integrity of lipid rafts inhib-
its TCR-induced protein tyrosine phosphorylation and
Recent advances in membrane biology have led to the Ca21 flux (Montixi et al., 1998; Xavier et al., 1998).
identification of lipid microdomains composed primarily TCR engagement also leads to actin polymerization,
of sphingolipids and cholesterol and an enriched subset association of z with the actin cytoskeleton, and the
of proteins that float as laterally associated ªraftsº within aggregation or ªcappingº of the TCR, coreceptors, and
the otherwise glycerophospholipid-rich plasma mem- accessory molecules at the site of TCR stimulation (Gep-
brane (Simons and Ikonen, 1997). The ªraft hypothesisº pert and Lipsky, 1991; Caplan et al., 1995; Rozdzial et
maintains that lipid rafts are preformed functional mod- al., 1995; Valitutti et al., 1995). How TCR engagement
ules that serve as platforms for signal transduction and induces cytoskeletal changes and the role of accessory
membrane trafficking (Simons and Ikonen, 1997). They molecules and lipid rafts in facilitating these changes
are enriched in signal transduction molecules, actin, and remains poorly understood. Nonetheless, TCR-induced
actin-binding proteins (Lisanti et al., 1994; Harder et cytoskeletal reorganization must be crucial for success-
al., 1997). Src family members with fully saturated fatty ful antigen-induced T cell activation because actin cy-
acids, as well as heterotrimeric and small G proteins, toskeleton poisons inhibit TCR-induced actin polymer-
PI-3 kinase, LAT, phosphoinositides, and sphingomyelin ization, z cytoskeletal association, TCR capping, Ca21
have been reported to be specifically included within flux, T cell shape changes required to sustain and facili-
lipid raft microdomains (Hope and Pike, 1996; Harder tate antigen-specific T cell:antigen presenting cell (APC)
and Simons, 1997; Zhang et al., 1998). Glycosylphos- interactions, and lymphokine production (Rozdzial et al.,
phatidylinositol (GPI)-linked proteins preferentially as- 1995; Valitutti et al., 1995).
sociate with lipid rafts due to the long, saturated acyl It has been proposed that the sustained and close
chains of their carboxy-terminal GPI-lipid modification apposition of cell surfaces required for TCR:peptide-
(Harder and Simons, 1997). Because sphingolipid-cho- MHC interaction relies on the actin cytoskeleton-medi-
lesterol rafts remain intact in the presence of mild non- ated reorganization of cell surface proteins (Shaw and
ionic detergents, raft constituents that do not directly Dustin, 1997). Proteins that hinder close intercellular
interact can be coprecipitated (Harder and Simons, contact are excluded from the site of cell:cell contact,
1997). Indeed, due to their mutual concentration within and accessory molecules that facilitate contact are re-
cruited (van der Merwe et al., 1995; Shaw and Dustin,
1997). In this regard, the CD2:CD48 ligand pair is among³ To whom correspondence should be addressed (e-mail: cmiceli@
ucla.edu). the best studied accessory molecule:ligand pairs. Size
Immunity
788
Figure 1. Expression of CD2 on the Surface of APCs Enhances Antigen-Induced Functions
(A) Surface expression of CD2 and I-Aabbk on L cell transfectants as detected by anti-CD2 MAb and FITC-GAR (left) or biotinylated anti-I-A
MAb and PE-conjugated streptavidin (right). Dashes indicate staining with second step reagent alone.
(B and C) Triplicate cultures of BI-141 hybridoma cells were stimulated by beef insulin pulsed FT5.7, FT5.7-CD2, DAP, or DAP-CD2. Supernatants
were assayed for IL-2 (B) and T cells for apoptosis (C).
(D) The AD10 T cell clone was stimulated with pigeon cytochrome C and DCEK.Hi7 cells that had been mock transfected or transiently
transfected with a vector driving the expression of CD2 48 hr prior to assay. Supernatants were assayed for IL-2.
and affinity measurements of CD2:CD48 complexes for their ability to stimulate antigen-specific T cell popu-
lations. The BI-141 T cell hybridoma produces IL-2 andhave led to the suggestion that a primary CD2:CD48
function is to position the T cell and APC membranes at undergoes apoptosis in response to beef insulin pre-
sented by FT5.7 L cells expressing I-Aabbk (Chung etthe optimal distance for TCR:peptide-MHC interaction
(van der Merwe et al., 1995; Dustin et al., 1997). A similar al., 1997). We therefore stably expressed CD2 in FT5.7
(FT5.7-CD2) or the class II negative L cell, DAP (DAP-role has been proposed for CD2:CD58 interactions in
human cells where, unlike mouse cells, CD48-related CD2), and used them as APCs to stimulate BI-141. Sev-
eral independent stable transfectants were generated,CD58 is an alternate ligand for CD2 (van der Merwe et
al., 1994). Most studies on CD2:CD48 interactions have and surface levels of CD2 and I-Aabbk were monitored
prior to their use (Figure 1A; data not shown). L cells andfocused on T cell CD2 binding to APC CD48, likely be-
cause in humans CD2 expression is limited to T cells transfectants do not express CD48 (data not shown). As
shown in Figure 1, FT5.7-CD2 cells were more efficient(Reinherz and Schlossman, 1980). However, in murine
immune systems CD2 is also expressed on APCs, in- at stimulating the BI-141 T cell hybridoma to produce
IL-2 (Figure 1B) and undergo apoptosis (Figure 1C) including B cells, macrophages, and some dendritic cells
(Sewell et al., 1987; Altevogt et al., 1989; Yagita et al., response to antigen than were FT5.7 cells. Similar re-
sults were obtained with six independent CD2 transfec-1989). Because CD48 is expressed on T cells, binding
to CD2 expressed on APCs may similarly facilitate adhe- tants matched with FT5.7 for I-Aabbk expression, and the
IL-2 and apotosis induction was correlated with surfacesion and TCR contact. Moreover, because CD48 is a
GPI-linked molecule concentrated within lipid rafts levels of CD2 (data not shown). Neither antigen-pulsed
DAP nor DAP-CD2 stimulated IL-2 production or apo-(Stefanova et al., 1991; Cinek and Horejsi, 1992), we
reasoned that CD48/TCR coengagement may addition- ptosis by BI-141, indicating that CD2 expression only
affects T cell responses in the context of TCR engage-ally facilitate TCR-induced cytoskeletal rearrangement
and signal transduction by recruiting associated lipid ment (Figures 1B and 1C). Similarly, I-Ek expressing
DCEK.Hi7 L cell APCs transiently transfected to expressrafts to the TCR activation cap. Indeed, previous studies
have implicated GPI-linked proteins as accessory mole- surface CD2 were more efficient than mock transfected
DCEK.Hi7 at stimulating the pigeon cytochrome C/I-Ek-cules that can facilitate T cell activation (Brown, 1993),
though the molecular basis of their accessory function specific T cell clone, AD10, to produce IL-2 (Figure 1D).
remains largely uncharacterized. Here, we examine the
biochemical and functional consequences of engaging CD2 Costimulation Is Dependent on the
Engagement of GPI-Linked CD48CD48 during TCR stimulation. We provide evidence that
GPI-linked CD48 contributes to early TCR signal trans- To determine whether CD2 was contributing to TCR
signals by engaging CD48, BI-141 T cells were strippedduction and cytoskeletal interaction through the recruit-
ment of associated lipid rafts especially suited for these of GPI-linked proteins using phosphatidylinositol-phos-
pholipase C (PI-PLC). PI-PLC treatment of the BI-141 Tpurposes.
cell hybridoma resulted in a marked decrease in surface
expression of CD48, but not CD3 (Figure 2A), indicatingResults
that only GPI-linked proteins were specifically affected.
Consistent with a role for CD48 in the CD2-mediatedExpression of CD2 on APCs Enhances
Antigen-Induced T Cell Function enhancement of TCR responses, pretreatment with PI-
PLC inhibited IL-2 production by BI-141 in response toTo investigate how engagement of T cell CD48 affects
TCR-mediated responses, we compared APCs express- antigen-pulsed FT5.7-CD2 APC relative to untreated BI-
141 (Figure 2B). IL-2 production in response to FT5.7ing the CD48 ligand CD2 with APCs not expressing CD2
A Role for Lipid Rafts in T Cell Activation
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CD48 Is Physically and Functionally Associated
with Lipid Raft Constituents
A number of GPI-anchored proteins, including CD48,
coassociate with Lck and Fyn within lipid rafts in T cells
(Stefanova et al., 1991). Antibody cross-linking of GPI-
linked proteins increases the kinase activity of associ-
ated PTKs and induces protein tyrosine phosphorylation
and activation of MAP kinase (Stefanova et al., 1991;
Deckert et al., 1995). Therefore, it has been suggested
that intracellular PTKs effect signal transduction by GPI-
anchored surface molecules (Brown, 1993). We per-
formed a number of assays to corroborate findings that
CD48 is associated with lipid rafts and to determine that
this physical interaction is of functional significance in
the BI-141 T cells studied. First, we examined whether
CD48 associated with raft-localized Lck in BI-141 cells.
CD48 was found to coprecipitate with Lck (Figure 3A)
and Fyn (data not shown) from BI-141 lysates. We next
determined whether CD48 cross-linking induced Lck ty-
rosine phosphorylation and the Lck-dependent protein
tyrosine phosphorylation of cellular substrates. BI-141
cells were incubated with media, anti-CD48, or anti-
CD3e and stimulated by cross-linking with goat anti-
hamster IgG (GAH) for the indicated times. Lck immuno-
precipitates (IPs) containing equal amounts of Lck were
analyzed by immunoblot for phosphotyrosine content.
CD48 cross-linking induced Lck tyrosine phosphoryla-
tion (Figure 3B). Because most lipid raft-associated Lck
Figure 2. CD2 Costimulation of IL-2 Production Is Dependent on is constitutively phosphorylated at Y505, CD48-induced
the Engagement of GPI-Linked CD48 on T Cells Lck tyrosine phosphorylation likely reflects Y394 ªauto-
(A) BI-141 cells were treated with PI-PLC (dotted lines) or with me- phosphorylationº required for efficient Lck activation
dium (solid lines) and stained for expression of CD48 or CD3e. (Rodgers and Rose, 1996; Shaw and Dustin, 1997). To
Dashes indicate control staining with second step reagents alone.
establish the role of Lck in CD48-mediated protein tyro-(B) PI-PLC- or media-treated cells were stimulated with antigen-
sine phosphorylation, we analyzed BI-141 transfectantspulsed FT5.7 (solid bars) or FT5.7-CD2 (dashed bars) APCs and IL-2
expressing wild-type Lck (WT), constitutively activatedproduction measured. Inhibition of IL-2 production was calculated
Lck (F505), constitutively activated but kinase-impairedby comparing IL-2 produced by PI-PLC-treated cells relative to un-
treated T cells. Lck (R273F505), or constitutively activated and SH2
(C) Soluble anti-CD48 was added to triplicate cultures of BI-141 cells phosphotyrosine-binding-impaired Lck (K154F505) (Chung
and antigen-pulsed (0.24 mg/ml) FT5.7 (closed circles) or FT5.7-CD2 et al., 1997). Lck transfectants were stimulated with anti-
(open squares) APCs. Supernatants were assayed for IL-2.
CD48, and lysates were immunoblotted with anti-phos-(D) Triplicate cultures of BI-141 cells were incubated for 20 hr with
photyrosine antibody (anti-PTyr). CD48 cross-linking inplate-bound anti-CD3e alone or in combination with plate-bound
BI-141 T cells overexpressing WT Lck or F505 Lck in-anti-CD48 and IL-2 production assayed.
duced protein tyrosine phosphorylation (Figure 3C). In
contrast, transfectants expressing R273F505 Lck and
APCs lacking CD2 was also inhibited by PI-PLC treat- K154F505 Lck were impaired in CD48-induced protein
ment, albeit to a significantly lesser degree (Figure 2B). tyrosine phosphorylation (Figure 3C). To determine
Such inhibition may reflect contributions of other GPI- whether CD48 is coupled to MAP kinase activation in BI-
linked proteins such as Thy-1 or Ly-6 in TCR activation 141 T cells, we studied the ability of CD48 engagement in
events. Further corroborating a requirement for T cell combination with suboptimal concentrations of PMA to
surface CD48 for CD2-mediated costimulation, soluble activate ERK-2. As shown in Figure 3D, cross-linking
anti-CD48 inhibited FT5.7-CD2/antigen-induced IL-2 of CD48 induced ERK-2 activation in the presence of
production (Figure 2C). While soluble anti-CD48 MAbs suboptimal concentrations of PMA. Together, these
block TCR stimulation (Reiser, 1990; Maschek et al., data provide evidence that CD48-lipid raft interactions
1993), immobilized anti-CD48 and anti-CD3, capable of are physically and functionally intact in BI-141 T cells
co-cross-linking cell surface CD48 and TCR, enhance and demonstrate that Lck can mediate CD48-induced
anti-CD3-induced proliferation of murine splenic T cells protein tyrosine phosphorylation.
(Kato et al., 1992). Similarly, immobilized anti-CD48 en-
hanced anti-CD3-induced IL-2 production by BI-141 and CD3/CD48 Coengagement Leads to Increased
thus mimicked the effect of CD2 expressed on APCs z Chain Tyrosine Phosphorylation and Its
(Figure 2D). Together, these data indicate that CD2 ex- Preferential Association with the
pression on APCs enhances antigen-specific IL-2 pro- Detergent Insoluble Fraction
duction by engaging T cell surface CD48 and implicate Actin polymerization and TCR z and e tyrosine phosphor-
CD48 in regulating T cell activation. We therefore char- ylation and cytoskeletal association have been corre-
acterized the molecular mechanism by which CD48 con- lated with TCR activation of downstream functions (Roz-
dzial et al., 1995; Valitutti et al., 1995). The Lck and Fyntributes to TCR signal transduction.
Immunity
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and CD3- or CD3/CD48-activated BI-141 T cells using
a biochemical fractionation scheme that separates cyto-
solic and membrane-associated proteins from cytoskel-
etally associated proteins based on their differential sol-
ubility in 1% NP-40. After treating T cells with 1% NP-40
and centrifugation, cytosolic and membrane proteins,
as well as lipid rafts and associated proteins, are found
in the supernatant (Brown, 1993), referred to as the ªsol-
uble fraction,º whereas cytoskeletal components and
associated proteins remain in the pellet. Sonication and
solubilization of the pellet using harsher detergents
allows for the subsequent release of cytoskeletally asso-
ciated proteins from the pellet, referred to as the ªinsolu-
ble fractionº (Nel et al., 1995).
BI-141 T cells were stimulated with anti-CD48 or anti-
CD3 alone or in combination and GAH was added as a
co-cross-linking reagent. Cells were solubilized in 1%
NP-40, fractionated by centrifugation, and the presence
of TCR z in the soluble and insoluble fractions studied
by immunoprecipitation and immunoblot analysis. TCR/
CD3 ligation induces the tyrosine phosphorylation of 18
kDa TCR z, which results in its altered migration at 21
(partially phosphorylated) and 23 kDa (highly phosphor-
ylated) and reactivity with anti-PTyr in the soluble frac-
tion (Figure 4A top, lane 8, and Neumeister-Kersh et
al., 1998). We also sometimes observed an additional
partially phosphorylated form of z migrating at 19 kDa
(Figures 4 and 5B). Maximal z tyrosine phosphorylation
was observed 5 min after stimulation with anti-CD3 in
both e and z IPs from the soluble fraction (Figure 4A,
lane 8, and Figure 5B, lane 2). Analysis of the z isoforms
in the soluble fraction before and after CD3 engagement
Figure 3. CD48 and Lck Are Physically and Functionally Linked in showed a depletion of the nonphosphorylated 18 kDa
the BI-141 T Cell Hybridoma z (p18z) coincident with the appearance of the 19, 21,
(A) CD48 and Lck coprecipitate in BI-141 T cells. T cells were lysed and 23 kDa phosphorylated z isoforms (ppz) (Figure 4A,
in 1% NP-40, precleared with normal hamster serum (NHS)-bound lanes 1 and 2 versus 7 and 8). Moreover, both ppz and
protein G-Sepharose beads, and immunoprecipitated with NHS or p18z become associated with the insoluble pellet upon
anti-CD48. Samples were analyzed by immunoblot with anti-Lck.
CD3 activation (Figure 4B, lanes 7±9).(B) CD48 cross-linking induces Lck tyrosine phosphorylation. BI-
Coengagement of CD3 and CD48 induced markedly141 T cells were stimulated with anti-CD48, anti-CD3e, or with media,
and GAH for indicated times at 378C. Lck or normal rat serum IPs less ppz in the soluble fraction relative to cells stimulated
were analyzed by immunoblot using anti-PTyr. with anti-CD3 alone (Figure 4A, top, lanes 7±9 versus
(C) BI-141 transfectants expressing wild-type (WT) or constitutively 10±12). Nonetheless, CD3/CD48 induced depletion of
activated Lck (F505), but not those expressing second site mutations p18z from the soluble fraction at levels comparable to
in the SH2 (K154F505) or kinase domains of Lck (RF273F505), re-
that observed with CD3 stimulation alone (Figure 4A,spond to CD48 cross-linking by inducing protein tyrosine phosphor-
bottom, lanes 7±9 versus 10±12). Concomitant with theylation. T cells were stimulated with media (-) or anti-CD48 and GAH
for 5 min at 378C. Cell lysates were analyzed by immunoblot with depletion of z from the soluble fraction was an increase
anti-PTyr. in the amount of z associated with the insoluble fraction
(D) CD48 cross-linking contributes to ERK-2 activation. BI-141 cells (Figures 4A and 4B, lanes 10±12). Unlike CD3 stimulated
were stimulated with anti-CD48 or media and GAH alone or with 1 ng/ cells, phosphorylation of z in the soluble fraction did not
ml PMA. ERK-2 was immunoprecipitated and the phosphorylation of
precede its localization to the insoluble fraction, nor didMBP assessed by in vitro kinase assay.
significant levels of ppz ever accumulate in the soluble
fraction from CD3/CD48 stimulated cells (Figure 4A,
PTKs responsible for z and e phosphorylation events, lanes 7±9 versus 10±12). Rather, CD3/CD48 coengage-
GPI-linked proteins, actin, and actin-binding proteins ment specifically targeted z to the insoluble pellet and
coassociate and are enriched within lipid rafts (Harder enhanced its tyrosine phosphorylation. Significantly
and Simons, 1997). Furthermore, cross-linking of T cell longer exposures of z IPs from the soluble fraction were
surface GPI-linked CD59 initiates signal transduction required to visualize ppz (Figures 4A, 4B, and 5B). In-
events, actin cytoskeletal reorganization, and the colo- deed, comparable exposure times reveal that ppz pre-
calization of CD59 with polymerized actin (Deckert et dominates in the insoluble fraction of both CD3 and
al., 1996). Whether engagement of GPI-linked proteins CD3/CD48 stimulated cells, whereas p18z predominates
influences TCR-induced z or e tyrosine phosphorylation in the soluble fraction (Figure 6A). Furthermore, when z
and cytoskeletal association has not been studied. We IPs from both fractions were run on the same gel and the
same exposure time analyzed, CD3/CD48 stimulationanalyzed the subcellular localization of TCR z in resting
A Role for Lipid Rafts in T Cell Activation
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Figure 4. CD3/CD48 Coengagement Leads to Preferential Localization and Enhanced Tyrosine Phosphorylation of z in the Insoluble Fraction
BI-141 T cells (A and B) or thymocytes (C) were stimulated with media, anti-CD3e (5 mg/ml), anti-CD48 (20 mg/ml) alone or in combination
followed by GAH for the indicated times at 378C. z or CD3 IPs (A and B) or lysates (C) from soluble (A) and insoluble (B and C) fractions were
analyzed by immunoblot using anti-PTyr or anti-z. The positions of nonphosphorylated z (p18) and phosphorylated z (pp19, pp21, and pp23)
are indicated. Different exposures of the Ptyr immunoblots are shown in (A) (5 min) and (B) (1 min). (D) CD3/CD48 coengagement qualitatively
changes cytoskeletal z association and tyrosine phosphorylation events. BI-141 cells were stimulated for 5 min with varying concentrations
of anti-CD3 and anti-CD48. z was immunoprecipitated from the detergent insoluble fraction and tyrosine-phosphorylated z detected by
immunoblot using anti-PTyr.
induced a significant increase in the level of total cellular CD3e demonstrated that CD3/CD48 coengagement in-
duced an increase in CD3e tyrosine phosphorylation andz phosphorylation relative to CD3 stimulation alone (Fig-
ure 6A top, lanes 2 and 3 and 8 and 9). Moreover, analysis association with the detergent insoluble pellet relative
to CD3 stimulation (data not shown). Together, theseof the phosphorylation and subcellular localization of
Figure 5. CD3/CD48 Coengagement Leads to Increased Association of z with the Actin Cytoskeleton
(A) BI-141 T cells pretreated with cytochalasin D (Cyt D) or carrier DMSO were stimulated for 5 min as in Figure 4. z was immunoprecipitated
from the detergent insoluble fraction and analyzed by immunoblot using anti-PTyr (top) or anti-z (bottom).
(B) Cells were stimulated as above and z IPs from detergent soluble and detergent insoluble fractions were analyzed by immunoblot using
anti-G-actin (top), anti-PTyr (middle), or anti-z (bottom). Different exposures of the anti-PTyr immunoblots of the soluble (20 min) and insoluble
(5 min) fractions are shown.
(C) The presence of the cytoskeletal protein spectrin was determined by immunoblot using lysates representing comparable cell equivalents
from soluble and insoluble fractions. The same exposure is shown for both fractions.
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from the soluble fraction, and z-associated G-actin de-
tected by immunoblot. CD3 activation induced z:actin
association, and CD3/CD48 coengagement resulted in
a relative increase in z-associated actin (Figure 5B, top).
As demonstrated earlier, the soluble fraction from CD3/
CD48-stimulated cells contained significantly less ppz
than the soluble fraction of CD3-stimulated cells (Figure
5B, lanes 2 versus 4, middle). Nonetheless, slightly more
G-actin was precipitated from the detergent lysates of
CD3/CD48-stimulated cells relative to CD3-stimulated
cells (Figure 5B, top, lanes 2 versus 4). Therefore, the
relative amount of G-actin associated per z immunopre-
cipitated was increased upon CD48/CD3 coengage-
Figure 6. Disruption of Lipid Raft Microdomains with MCD Inhibits ment. G-actin was not detected in control IPs (data not
CD3- and CD3/CD48-Induced z Phosphorylation and Association
shown). Similarly, z was significantly enriched in G-actinwith the Cytoskeleton
IPs from T cells stimulated with CD3 or CD3/CD48 rela-
BI-141 T cells were pretreated with media or MCD, stimulated for
tive to those from unstimulated T cells (data not shown).5 min as in Figure 4, and the soluble and insoluble fractions sepa-
Together, these data demonstrate a requirement for therated. (A) z IPs were analyzed by immunoblot using anti-PTyr (top)
or anti-z (bottom). (B) The presence of Lck was determined by immu- actin cytoskeleton for CD3- and CD3/CD48-induced z
noblot using lysates representing comparable cell equivalents from association with the insoluble fraction.
soluble and insoluble fractions. The same exposure is shown for To confirm that detergent soluble and insoluble frac-
both fractions. tions contained cytosolic/membrane-associated and
cytoskeleton-associated proteins, respectively, Lck and
the cytoskeletal protein spectrin were studied in these
data indicate that CD48 coengagement specifically tar- fractions. As shown in Figure 5C, the insoluble fraction
gets TCR components to the cytoskeleton and en- contained 220±240 kDa spectrin dimers (lanes 5±8),
hances their level of tyrosine phosphorylation. Similar while no spectrin was detected in the soluble fraction
results were observed in mouse thymocytes (Figure 4C). (lanes 1±4). Moreover, Lck was only present in the solu-
Differences between CD3- and CD3/CD48-stimulated ble fraction (Figure 6B). Lck, spectrin, p18z, or ppz was
cells in the onset of tyrosine phosphorylation and sub- not detected in the residual material not solubilized by
cellular localization of z may indicate that CD48 coen- either extraction after its resuspension and boiling in
gagement qualitatively changes TCR cytoskeletal associa- Laemmli buffer, indicating that the proteins analyzed in
tion and tyrosine phosphorylation events. Alternatively, this study were primarily present in the fractions exam-
CD48 may uniformly increase the efficiency of a subopti- ined (data not shown).
mal TCR signal for z tyrosine phosphorylation and asso-
ciation with the insoluble pellet. To distinguish between
these possibilities, we determined whether increased Disruption of Lipid Rafts Inhibits CD3- and
TCR stimulation could substitute for CD48 stimulation. CD3/CD48-Induced z Phosphorylation
Cells were stimulated with various concentrations of and Association with the Cytoskeleton
anti-CD3 alone or together with anti-CD48 and z IPs Cholesterol is an essential structural component of lipid
from the insoluble fraction compared with regard to ppz raft membrane microdomains. To determine the involve-
content. As shown in Figure 4D, increasing TCR stimula- ment of lipid rafts in CD48 function, z phosphorylation
tion did not increase the level of z associated with the and translocation to the insoluble pellet was studied in
insoluble pellet to that seen with CD3/CD48 stimulation. cholesterol-depleted cells. BI-141 T cells were pre-
These data indicate that engagement of the T cell sur- treated with methyl-b-cyclodextrin (MCD), which selec-
face protein CD48 qualitatively modulates TCR-medi- tively extracts cholesterol from the plasma membrane
ated signal transduction events to preferentially target and disrupts lipid rafts (Klein et al., 1995). Cells treated
the association of TCR z with the detergent insoluble in this manner remained viable, as determined by trypan
pellet. blue staining (data not shown). Treatment of BI-141 T
cells with MCD inhibited the redistribution of p18z and
ppz to the insoluble fraction after CD3 and CD3/CD48CD3/CD48 Coengagement Enhances
the Association of z with the engagement (Figure 6A, lanes 7±9 versus 10±12). Fur-
thermore, CD3- and CD3/CD48-induced z tyrosine phos-Actin Cytoskeleton
To determine whether an intact actin cytoskeleton was phorylation in the insoluble fraction was completely in-
hibited. These data suggest that intact lipid rafts arerequired for the association of z with the detergent insol-
uble pellet, the actin microfilament poison cytochalasin required for z phosphorylation and cytoskeletal associa-
tion. Moreover, they indicate that engagement of CD48D was used. Pretreatment of BI-141 T cells with cytocha-
lasin D significantly inhibited the association of z iso- selectively enhances the tyrosine phosphorylation and
association of z with the actin cytoskeleton through itsforms (p18z and ppz) with the insoluble pellet after CD3/
CD48 stimulation (Figure 5A, lanes 4 versus 8) and, to association with lipid rafts.
It is possible that antibody coengagement of CD48a lesser extent, after CD3 stimulation (Figure 5A, lanes
2 versus 6). To further study z:actin interactions, BI-141 and CD3 might induce the aggregation of lipid rafts to
form larger complexes that pellet with the cytoskeletalcells were stimulated as above, z immunoprecipitated
A Role for Lipid Rafts in T Cell Activation
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fraction. If this were the case, enrichment of z in the detergent soluble fraction precedes its association with
the insoluble pellet. In contrast, when CD48 is coen-insoluble pellet could reflect an association of z with
large lipid rafts rather than with the actin cytoskeleton. gaged with the TCR, ppz isoforms are preferentially tar-
geted to the insoluble cytoskeleton, and the associationThat pretreatment of cells with cytochalasin D interferes
with CD3/CD48-induced fractionation of z with the insol- with the insoluble fraction is not preceded by the accu-
mulation of ppz in the soluble fraction. Nonetheless,uble pellet likely rules out this interpretation of the data.
To further address this issue, we examined the distribu- CD3/CD48 coengagement results in an increase in the
total level of tyrosine phosphorylated z. Together withtion of Lck, a prominent lipid raft constituent, in the
soluble and insoluble subcellular fractions after CD48 results demonstrating that increased CD3 stimulation
cannot substitute for CD3/CD48 coengagement, theseor CD48/CD3 stimulation. As shown in Figure 6B, Lck
was only detected in the detergent solubilized superna- data indicate that the recruitment of GPI-linked CD48
qualitatively and quantitatively affects TCR signal trans-tant (lanes 1±6), not in the cytoskeleton-containing insol-
uble fraction (lanes 7±12). Because 50% or more of cellu- duction and cytoskeletal reorganization. CD3/CD48
coengagement also enhances the association of p18zlar Lck is contained within lipid rafts (Rodgers and Rose,
1996), any significant changes in the biochemical frac- with the detergent insoluble pellet, indicating that z cy-
toskeletal association can occur independently of ortionation of rafts likely would be reflected in altered
fractionation of Lck. Similarly, Lck was only observed precede complete z phosphorylation. Consistent with
this notion, the src family inhibitor, PP1, leads to thein CD48 IPs from the detergent solubilized supernatant
and the levels of CD48 associated Lck in this fraction CD3/CD48-mediated accumulation of nonphosphory-
lated p18z in the insoluble fraction (data not shown).were unchanged after CD3 and/or CD48 cross-linking
(data not shown). That disruption of lipid raft microdo- Our results corroborate findings that correlate the accu-
mulation of ppz in the insoluble fraction with effectivemains by treatment with MCD does not affect the distri-
bution of Lck in these biochemical fractions further sup- induction of downstream function (Rozdzial et al., 1995).
CD48 is known to associate with membrane lipid rafts,ports the notion that changes in insolubility result from
cytoskeletal association rather than lipid raft redistribu- which in T cells contain the Lck PTK responsible for z
phosphorylation and have been implicated in communi-tion to the insoluble fraction.
cating with and modifying the actin cytoskeleton. It is
therefore reasonable to suggest that recruitment of
Discussion CD48-associated lipid rafts to the TCR activation cap
is responsible for CD3/CD48-mediated enhancement of
Here, we demonstrate that the engagement of T cell z phosphorylation and its association with the actin cy-
surface CD48 by its natural ligand CD2 expressed on toskeleton-containing pellet. That these events are in-
APCs enhances antigen-specific functions in T cells. hibited by the actin cytoskeleton poison cytochalasin
While previous reports have implicated a role for GPI- D support the contention that z detergent insolubility
linked proteins in TCR activation (Brown, 1993), these results from its interaction with actin microfilaments.
data demonstrate the ligand-directed recruitment of a The inhibition of z phosphorylation and cytoskeletal as-
GPI-anchored protein and associated lipid rafts for par- sociation by depleting cholesterol from the membranes
ticipation in TCR signal transduction. The molecular ba- demonstrates a requirement for lipid rafts in mediating
sis of CD48 enhancement of TCR function may be 2-fold these early TCR- and TCR/CD48-mediated T cell activa-
insofar as it likely facilitates both TCR ligand binding tion events. That CD48 enhancement of z phosphoryla-
and signal transduction. Studies of the topology of tion and cytoskeletal association is selectively promoted
CD2:CD48 complex indicate that it spans approximately by its engagement and is especially sensitive to agents
the same distance as the TCR:peptide-MHC ligand pair that disrupt the actin cytoskeleton and lipid rafts support
(van der Merwe et al., 1995). Though CD2 and CD48 a role for CD48-associated lipid rafts in specifically facili-
interact with low solution affinity, their adhesion can tating these events. Taken together, these data demon-
align apposing membranes and generate areas of close strate a role for GPI-linked proteins and associated lipid
contact with high physiological affinity (Dustin et al., rafts in facilitating early TCR-mediated signals and are
1997). Therefore, T cell surface CD48 interactions with consistent with accumulating data that point to their
APC surface CD2 may facilitate TCR:peptide-MHC bind- participation in TCR activation (Yeh et al., 1988; Schu-
ing at the site of T cell:APC contact, as has been sug- bert et al., 1995; Romagnoli and Bron, 1997; Montixi et
gested for interactions between T cell surface CD2 and al., 1998; Xavier et al., 1998; Zhang et al., 1998). How-
APC surface CD48 (van der Merwe et al., 1995). Second, ever, our data extend previous findings to include an
our data indicate that CD48 engagement additionally essential role for lipid rafts in regulating the cytoskeletal
contributes to TCR signal transduction through its asso- association of z, the phosphorylation of cytoskeletally
ciation with lipid rafts specialized for facilitating TCR associated z and downstream T cell functions. Further-
tyrosine phosphorylation, cytoskeletal interaction, and more, they demonstrate that the engagement of a GPI-
downstream signal transduction. linked protein and associated lipid rafts can affect TCR
We demonstrate that CD48 coengagement with the signals and functions. The recruitment of associated
TCR leads to the specific enhancement of cytoskeletally lipid rafts represents a novel mechanism by which T cell
associated tyrosine phosphorylated z. Whereas TCR en- surface accessory molecules enhance TCR activation
gagement alone also leads to z tyrosine phosphorylation and promote changes in the organization of the actin
and association with the cytoskeleton-containing insol- cytoskeleton. Such a mechanism may be relevant to the
function of other GPI-linked T cell accessory moleculesuble pellet, the appearance of phosphorylated z in the
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in addition to CD48, such as CD58, CD59, CD73, Ly-6, or
Thy-1, as well as the subset of CD4 and CD8 coreceptors
localized within lipid rafts (Cerny et al., 1996).
One issue not addressed in our study is how CD48/
Lck containing membrane rafts interface with the TCR,
which prior to receptor engagement is not primarily as-
sociated with lipid raft microdomains (Cinek and Horejsi,
1992; Cerny et al., 1996). Recent data demonstrate that
TCR engagement results in its redistribution to lipid rafts
along with downstream TCR signal transduction proteins
(Montixi et al., 1998; Xavier et al., 1998). Similarly, in mast
cells, the engagement of the high-affinity IgE receptor
FceRI, which initiates signals through Lyn-mediated
ITAM tyrosine phosphorylation, results in FceRI translo-
cation to lipid rafts (Field et al., 1997). Recruitment of
GPI-linked proteins to the T cell:APC interface may facili-
Figure 7. A Modified Topological Model of T Cell Activation thattate TCR translocation to lipid rafts by concentrating
Considers the Possible Contributions of Lipid Raftslipid rafts nearby engaged TCRs. Additionally, the ecto-
Integrins likely initiate T cell:APC contact and facilitate stochasticdomains of GPI-linked proteins may contribute to opti-
interaction between CD2 and CD48 and other accessory molecule:mal lateral packing of proteins at the TCR activation cap,
ligand pairs, resulting in the close apposition of T cell:APC mem-
as has been proposed for other accessory/coreceptor branes (Shaw and Dustin, 1997). Liganded engagement of GPI-
molecules (Shaw and Dustin, 1997), and thus facilitate linked CD48, other GPI-linked proteins, or other raft-associated co-
TCR redistribution to lipid rafts. Such lateral interactions receptor/accessory molecules would result in the recruitment of
sphingomyelin and cholesterol-rich lipid rafts to the T cell activationmay account for the participation of GPI-linked proteins
cap. Increases in local membrane rigidity and cell:cell avidity wouldin T cell activation that appear not to have ligands ex-
result from the liganded engagement and concentration of shortpressed on APCs, such as Thy-1 or Ly-6.
accessory molecules and lipid rafts that are much more tightly
Topological models of T cell activation posit that re- packed, laterally associated, and less fluid than the bulk of the
cruitment of T cell accessory molecules and associated plasma membrane (Harder and Simons, 1997). These events would
signal transduction molecules is accompanied by the facilitate limited TCR engagement and its redistribution into lipid
rafts. Lipid raft microdomains specifically exclude LFA-1, CD45, andsimultaneous exclusion of molecules from the TCR con-
CD43 and contribute to the partitioning of CD45 phosphatase andtact cap that sterically hinder TCR engagement and neg-
Lck kinase activities within T cell membranes (Cerny et al., 1996;atively regulate activation events (Shaw and Dustin,
Rodgers and Rose, 1996). Therefore, inclusion of lipid rafts at the
1997). It has been predicted that this molecular reorgani- T cell:APC interface would likely contribute to the local exclusion
zation enables peptide-MHC to gain access to multiple of large heavily glycosylated proteins and thus provide peptide-
TCRs and accommodates the close apposition of T MHC greater access to the TCR, otherwise buried in the glycocalyx.
Moreover, TCR colocalization with lipid rafts would result in thecell:APC membranes necessary for successful activa-
local concentration of PTKs and other signal transduction moleculestion. The actin cytoskeleton is proposed to play a role
and the exclusion CD45 phosphatase activity, facilitating TCR signalin effecting the molecular reorganization of membrane
transduction. Clustering of lipid rafts by engagement of the TCR
proteins, though how this reorganization is initiated re- and/or GPI-linked proteins would lead to the nucleation of actin
mains the least well studied aspect of this model. Based polymerization, z association with the actin cytoskeleton, and cy-
on our studies of coengagement of CD48 and TCR, we toskeletally mediated molecular reorganization required to sustain
TCR engagement and to induce complete T cell activation. Lipidpropose a modified topological model of T cell activation
rafts are represented as the darker membrane regions. The rest ofthat considers the contributions of GPI-linked proteins
the cell membrane primarily composed of glycerophopholipids isand associated lipid rafts to creating a ªbald spotº in the
represented by a lighter color. Adapted from models and figures
glycocalyx, increasing T cell:APC interactions, recruiting from Shaw and Dustin (1997) and Harder and Simons (1997).
intracellular PTKs, excluding CD45 phosphatase and
other large negatively charged molecules, and facilitat-
ing TCR communication with the actin cytoskeleton (Fig-
MAP kinase cascades, or the generation of second mes-ure 7). Lipid raft microdomains have been previously
sengers (Harder and Simons, 1997). On the other hand,proposed to play a role in the compartmentalization of
a role for lipid rafts in actin reorganization has beenproteins involved in intracellular signal transduction or
primarily supported by their role in membrane traffickingmembrane trafficking. Here, we consider the possibility
(Anderson et al., 1992; Schnitzer et al., 1994). TCR acti-that they also function to compartmentalize topologi-
vation leads to the induction of PTKs, MAP kinases,cally distinct surface proteins and facilitate cell:cell in-
and Ca21 signals, as well as actin polymerization andteraction (Figure 7).
cytoskeletal reorganization (Valitutti et al., 1995; Alber-The identification of lipid rafts has recently changed
ola-Ila et al., 1997). The data presented here indicatethe prevailing view of cellular membrane organization
that lipid rafts are important in inducing TCR-mediatedand the fluidity of proteins within membrane bilayers.
signal transduction and cytoskeletal changes. FutureAccumulating data support a role for lipid rafts as pre-
experiments aimed at characterizing the requirementsformed modules that function in signal transduction and
for each of these TCR-mediated processes should aid inactin cytoskeleton-driven membrane trafficking (Harder
our understanding of how and to what extent receptor-and Simons, 1997). Most evidence supporting a role for
mediated signal transduction pathways and actin reor-lipid rafts as platforms for signal transduction involves
receptor-induced recruitment and activation of PTKs, ganization are integrated within lipid rafts to facilitate the
A Role for Lipid Rafts in T Cell Activation
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Anderson, R.G., Kamen, B.A., Rothberg, K.G., and Lacey, S.W.FT5.7, DCEK.Hi7, and DAP cells were from Dr. Germain (NIH). The
(1992). Potocytosis: sequestration and transport of small moleculesCD2 cDNA-containing pH-b APr-1-neo expression vector (Dr. Za-
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